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Zhou, Lusheng, Yu Zhao, Roel Nijland, Lubo Zhang, 
and Lawrence D. Longo. Ins(l,4,5)P3 receptors in cerebral 
arteries: changes with development and high-altitude hyp­
oxia. Am. J. Physiol. 272 (Regulatory Integrative Comp. Physiol. 
41): R1954-R1959, 1997.—We and others have shown that 
adrenergic-mediated contractile responses in cerebral vessels 
in vitro differ with vessel segment, with developmental age, 
and with high-altitude, long-term hypoxia. This is associated 
with significant differences in aj-adrenergic receptor density 
and norepinephrine (NE)-induced response of the second 
messenger inositol 1,4,5-trisphosphate [Ins(l,4,5)P3l. To test 
the hypothesis that vessel-specific, developmental, and hyp­
oxic-associated contractility changes are mediated, in part, by 
changes in Ins(l,4,5)P3-receptor [Ins(l,4,5)P3-R] density or 
affinity, we performed the following study. In common caro­
tid (Com), circle of Willis, and main branch anterior, middle, 
and posterior cerebral arteries (MBC) from normoxic fetal 
(—140 days), newborn (3-5 days), and adult sheep and 
fetal and adult sheep acclimatized to high altitude, we 
quantified Ins(l,4,5)P3-R with [3H]Ins(l,4,5)P3. In normoxic 
Com, Ins(l,4,5)P3-R density values (fmol/mg protein) in fetus, 
newborn, and adult were 8 ± 53, 150 ± 18, and 357 ± 21, 
respectively (P < 0.05). In normoxic MBC cerebral arteries, 
the receptor density values in the three age groups were
115 ± 15, 105 ± 9, and 99 ± 5 fmol/mg protein, respectively. 
For fetal and adult Com, high-altitude, long-term hypoxemia 
was associated with decreases in Ins(l,4,5)P3-R density of 32 
(to 58 ± 5) and 70% (to 109 ± 12), respectively, from control 
values (P < 0.01). In MBC cerebral arteries of fetus and adult, 
hypoxic-associated decreases in Ins(l,4,5)P3-R density from 
control were 80 (to 23 ± 3) and 47% (to 53 ± 7), respectively 
(P < 0.01). Ins(l,4,5)P3 binding affinity to the receptor 
averaged 11.8 ± 0.5 nM and did not vary significantly as a 
function of vessel type, developmental age, or hypoxia. In 
Com, but not in MBC, Ins(l,4,5)P3-R density increased dra­
matically with developmental age. This suggests that differ­
ences in Ins(l,4,5)P3-R density values may account, in part, 
for differences in contractile responses of the two artery types 
in the several age groups. In response to long-term, high- 
altitude hypoxia, Ins(l,4,5)P;rR density values in both fetal 
and adult Com and MBC decreased significantly, as did their 
NE-induced contraction. This suggests a cellular basis for 
changes in cerebrovascular contractility in response to long­
term hypoxia and that Ins(l,4,5)Pa-R may play a role in 
acclimatization responses to high altitude.
inositol phosphates; fetus; newborn; acclimatization
cerebra l  blood v essels  are richly innervated, and
their vascular tone is mediated by adrenergic, seroton­
ergic, and other mechanisms that involve receptor 
coupling with the second messenger inositol 1,4,5- 
trisphosphate [Ins(l,4,5)P3]. Ins(l,4,5)P3 released into 
the cytoplasm binds its specific receptor Ins(l,4,5)P;i 
receptor [Ins(l,4,5)P3-Rl in sarcoplasmic reticulum. 
The Ins(l,4,5)P3-R acts as a gated calcium channel to
release Ca2+, an increase in concentration of which 
binds with calmodulin to effect contraction of vascular 
smooth muscle (2,11,14).
Recently, we have reported that common carotid 
artery (Com) and main branch cerebral blood vessels 
(MBC) of the adult sheep show marked heterogeneity 
in terms of norepinephrine (NE)-induced contractility, 
ot!-adrenergic receptor (ctr AR) density, and adrenergic- 
induced Ins(l,4,5)P3 response (8). Fetal and newborn 
cerebral vessels also show marked differences in NE- 
induced contraction, otr AR density, and Ins(l,4,5)P3 
responses as compared with the adult (9). We thus 
performed the following study to test the hypothesis 
that differences in the contractile responses in the 
cerebral vasculature, as well as differences as a func­
tion of development result, in part, from differences in 
Ins(l,4,5)P3-R density and/or affinity. In addition, cere­
bral arteries of high-altitude-acclimatized adult and
fetal sheep have altered contractility (7) and dramati-
t
cally decreased ar AR densities and NE-stimulated 
Ins(l,4,5)P3 responses as compared with normoxic con­
trols (15). Thus we also tested the hypothesis that the 
long-term, hypoxemia-induced decrease in cerebrovas­
cular contractility is associated with decreased 
Ins(l,4,5)P3-R density and/or affinity.
METHODS
Tissue preparation. We used cerebral blood vessels from 
near-term fetal (140-143 days), newborn (3-5 days), and 
nonpregnant and pregnant adult sheep that had been main­
tained near sea level (300 m) or at high altitude (3,820 m, 
12,470 ft; Barcroft Laboratory, White Mountain Research 
Station, Bishop, CA) for ~110 days. The animals from high 
altitude were transported to our laboratory immediately 
before the studies. All hypoxemic fetuses were singletons, 
and, when normoxic twin fetuses were obtained, we used only
pregnant ewes were obtained from Nebeker Ranch (Lan­
caster, CA). Animals were killed with 100 mg/kg intravenous
cerebral vessels. We obtained segments from Com and two 
cerebral vessel groups, namely, circle of Willis vessels (includ­
ing basilar artery) (Wil) and the MBC. We also obtained a 
10-cm segment from the thoracic aorta. The vessels were 
rapidly frozen in liquid nitrogen and kept at -80°C until use 
(usually within 1 wk). For the Wil and MBC cerebral arteries, 
six to eight brains for fetus and newborn and four brains for 
adult were required to obtain enough membrane protein for a 
single binding assay. In r e s u l t s , n refers to the number of 
assays performed, not vessels used.
Materials. The materials and their sources were as follows: 
[:,H |Ins(l,4,5)P3 (21 Ci/mmol; DuPont-New England Nuclear, 
Boston, MA), Ins(l,4,5)P3 and bovine serum albumin (BSA) 
(Calbiochem, La Jolla, CA), Lubrol-Px (ICN, Costa Mesa,
R1954 0363-6119/97 $5.00 Copyright © 1997 the American Physiological Society
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CA), Spectra/Mesh nylon filters (10 /¿m pore size) (Spectrum, analysis of variance. To compare differences between nor-
Los Angeles, CA), Whatman no. 1 paper filters (Whatman, moxic and hypoxic vessels, we used Student’s ¿-test. Unless
Hillsboro, OR), and Dowex AG 1-X2 resin (chloride form, otherwise indicated, statistical significance implies P < 0.05. 
200-400 mesh) (Bio-Rad, Hercules, CA). All other biochemi­
cal reagents were from Sigma Chemical (St. Louis, MO).
Solubilized membrane preparations. Membranes were solu­
bilized as previously described (17). Arteries (0.5-0.8 g wet
RESULTS
Ins(l,4,5)Ps~R binding in normoxic vessels. Figure 1
wt) were minced and suspended in 10 volumes of buffer A shows representative Ins(l,4,5)P3 binding curves for
[composition in mM: 20 tris(hydroxymethyl)aminomethane 
(Tris) • HCl, 20 NaCl, 100 KCl, and 1 EDTAplus 1 mg/ml BSA,
Com of normoxic control, fetal (Fig. 1 A), and adult (Fig. 
LB) sheep. Saturable Ins(l,4,5)P3 binding was observed
0.02% NaN3, pH 7.7]. Tissue was then homogenized in a for each vessel type in these two age groups, as well as
Polytron tissue homogenizer (Brinkman, Westbury, NY) at in the newborn. Nonspecific binding was linear in all
setting 3.5 for bursts of 15 s each. The homogenate was preparations and accounted for 40% total binding at
centrifuged at 100,000g for 30 min (model XL-70 ultracentri- low Ins(l,4,5)Pa concentrations and 20% of total bind-
fuge, Beckman). Pellets were rehomogenized in one-half the ing at higher concentrations (median value for all
original volume of buffer A at setting 3.5 for 15 s and studies, 32%). Scatchard plots were linear in all stud-
recentnfuged usmg the same conditions. The resulting super- t w ith  p earson r coefficients o f0.88-0.99, suggesting
natant was discarded, and the pellet was resuspended in 
buffer B (composition in mM: 20 Tris - HCl, 20 NaCl, 100 KCl, 
and 1 EDTA, 0.02% NaN3, pH 8.5) containing 2% (wt/vol) 
Lubrol-PX. The suspension was gently homogenized with 20 
strokes in a glass-glass homogenizer on ice, followed by 
incubation on ice with stirring for 20 min. The detergent 
extract was then centrifuged at 80,000 g for 40 min. The
the presence of a single class of Ins(l,4,5)P3 binding 
sites in vascular smooth muscle of each of the several 
age groups. 
Figure 2A shows the Ins( 1,4,5 )P3-R density values 
(Bmax), as measured with saturation binding of 
[3H]Ins(l,4,5)P3, for Com of near-term fetus, newborn,
resultant supernatant [1.6 mg protein/ml by the method of and adult. These values in Com (fmol/mg protein) were
Bradford (1)] was kept on ice until use. 85 3(71 4), 150 18 (n 4), and 357 21 (n 11),
Radioligand binding studies. For the Ins(l,4,5)P3-R bind- respectively (P <  0.01 for both fetus and newborn
ing study, we used the syringe assay of Hingorani and Agnew 
(3), as modified by Zhang et al. (17). The syringe ion-exchange 
column was prepared with 0.5-0.6 ml of Dowex AG 1-X2 resin 
(Bio-Rad), equilibrated in 2 volumes of buffer C (composition: 
50 mM Tris • HCl, 1 mM EDTA, 0.02% NaN3, 10 mg/ml BSA, 
pH 8.5) for 2 h. A small Spectra/Mesh nylon disk (10 /¿m pore 
size) was inserted into the barrel of a 3-ml plastic syringe, 
followed by a disk of Whatman no. 1 paper filter and then 
Dowex AG 1-X2 resin. Saturation binding experiments em­
ployed concentrations of [3H]Ins(l,4,5)P3 from 0.5 to 40 nM, 
and nonspecific binding was determined by the addition of 
unlabeled Ins(l,4,5)P3. The assay was carried out in a final 
volume of 200 jul, consisting of 150 p,1 solubilized membrane 
supernatant (soluble protein concentration equaled ~1.6 
mg/ml), 40 p. 1 radioligand [[3H]Ins(l,4,5)P3, specific activity 
21 Ci/mmol; DuPont-New England Nuclear], and 10 já buffer 
or unlabeled Ins(l,4,5)P3 (final concentration 12 pM, Calbio- 
chem). The assay tubes were mixed and incubated for 15 min 
at 4°C. To perform the assay, an equilibrated sample (0.2 ml) 
was delivered to the wall of the syringe, held horizontally, 
away from the resin. The plunger was rapidly inserted, the 
column turned vertically, and the sample, followed by the 
head of air, forced through the resin. The separation could be 
completed reliably within ~1 s. Bound and free radioligand 
were separated by rapidly pushing equilibrated samples 
through the syringe columns. The labeled receptor-ligand 
complex was collected directly into a vial for counting at 45% 
efficiency in a liquid scintillation counter (model 1900 CA 
TriCarb, Packard Instruments, Downer’s Grove, IL). Satura­
tion curves were analyzed using a computer program (Graph­
pad Inplot V. 3.0; Graphpad Software, San Diego, CA).
Statistics. For normoxic controls, we used cerebral vessels 
from 52 near-term fetal, 32 newborn, and 40 adult sheep (20 
nonpregnant and 20 pregnant). For the studies of long-term
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hypoxia, we used vessels from 26 fetuses and 20 adults. As ^ding IaHJinositol 1,4,54ri8phoHphate
9 LIns(l,4,5)P3J to common carotid artery ox fetus CA) and adult (B).noted above, for the receptor binding .studies in cerebral AUqa’¿  of ¡ ^ p , ^  r e y , .^  membranos wore incubated with 
arteries we pooled vessels from four to eight brains. In these varying concentrations of PHIInsI 1,4,5 irv Total binding (♦), upccitìc
binding (•), and nonspecific binding (O) are shown for each vohhoI,cases, n refers to the number of receptor assays. All values
were calculated as the m ean  ±  SE. For each vessel type, Nonspecific binding was determined with unlabeled InsCl,4,5)P3 (sec 
differences am ong the  several age groups w ere analyzed by methods for details).
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Fig. 2. A: Ins(l,4,5)P3 receptor density (Bmax) values (fmol/mg pro­
tein) as determined with [3H]Ins(l,4,5)Pg in common carotid artery 
and main branch cerebral arteries of near-term fetal (hatched bars), 
newborn (open bars), and adult (filled bars) sheep. Data are mean 
values ± SE. ** P <  0.01. B: relationship of maximum norepineph­
rine (NE)-induced contraction (expressed as %K+ maximum re­
sponse) to Ins(l,4,5)P3 receptor density values for fetal (•), newborn 
(♦), and adult (a) common carotid arteries and fetal (O), newborn 
(O ), and adult (A ) main branch cerebral arteries. For common carotid
artery, r = -0.99, P
0.51, P = 0.66.
0.052. For main branch cerebral arteries, r
versus adult). Figure 2A also presents the Ins(l,4,5)Pa- 
receptor density values for the MBC arteries of fetus,
newborn, and adult. These values were 115 15 (n
4), 105 9 (rt 4), and 99 ± 5 (n = 5), respectively.
Figure 2B shows the relationship of NE-induced con­
traction (expressed as %K+ maximum) to Ins(l,4,5)P3-R 
density for both Com and MBC. In neither Com nor 
MBC of three age groups did Ins(l,4,5)P3-R density 
correlate with the NE-induced maximal contraction as 
percent of K'1-induced maximum (r = —0.99, P  =  0.052 
and r — 0.51, P = 0.66, respectively). Nonetheless, the
higher Ins(l,4,5)P3-R values in Com compared with 
MBC correlated with the much greater NE-induced 
contraction of this vessel.
Ins(l,4,5)P3-R density values (fmol/mg protein) for
Wil of the three age groups were 54 4 (n 3), 65 ± 10
(ft 3), and 20 2 (n 4), respectively. For compari­
son, we also quantified Ins(l,4,5)P3-R density values in 
the thoracic aorta of the three age groups. These values
were 109 10 (n 5), 112 14 (n 4), and 181 ± 18
(rt 8) for fetus, newborn, and adult, respectively. For
all vessels in the three age groups, the mean value of
Ins(l,4,5)P3-R affinity (KD) averaged 11.8 ± 0.5 nM, 
with little variation among the several vessel groups 
(range 10.2-16.0 nM).
Ins(l,4,5)Ps-R binding in hypoxic vessels. Figure 3A 
shows the Ins(l,4,5)P3-R density values (fmol/mg pro­
tein) for Com of fetus and adult in response to high- 
altitude, long-term hypoxia. In fetal Com, Ins(l,4,5)P3-R 
density fell 32% from normoxic control (to 5 ± 85, n = 
4, P  <  0.01). In adult Com, Ins(l,4,5)P3-R density
decreased 70% from control value (to 109 12, n 5 ,P
<  0.01). Figure 3B shows the hypoxic-associated de­
creases in Ins(l,4,5)P3-R density for fetal and adult 
MBC. For the fetus, Ins(l,4,5)P3-R density fell 80%
from control value (to 23 3, n 3, P <  0.01). For the
adult MBC, long-term hypoxia was associated with a 
decrease of 47% from control (to 53 ± 7, n — 4, P  <  
0.01).
In hypoxic fetal and adult Wil vessels, the 
Ins(l,4,5)P3-R density (fmol/mg) did not change signifi­
cantly from normoxic control values (46 ±  11 and 
22 ± 2, respectively). For comparison, in the fetal and 
adult aorta, Ins(l,4,5)P3-R density fell 46% (to 59 ± 7) 
and 66% (to 60 ± 8), respectively, from normoxic con­
trol values. Again, the Ins(l,4,5)P3-R affinity did not 
change significantly in the hypoxic vessels (Kq =
11.2 0.7 nM; range =  9.8-13.8 nM).
DISCUSSION
In the present study, we report that the vascular 
Ins(l,4,5)p3-R density increased significantly as a func­
tion of developmental age in Com, and to a lesser extent
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Fig. 3. A : Ins(l,4,5)Pâ-R density values (fmol/mg protein) in common 
carotid artery of long-term hypoxic (filled bars) as compared with 
normoxic, control (open bars) fetuses and adults. Data are mean 
values ± SE. *P <  0.01 for each pair, hypoxic vs. normoxic. B : 
Ins(l,4 ,5)P3 receptor density values (fmol/mg protein) in main branch 
cerebral arteries of long-term hypoxic (filled bars) as compared with 
normoxic, control (open bars) fetuses and adults. Data are mean 
values ± SE. < 0.01 for each pair, hypoxic vs. normoxic.
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in the aorta. In contrast, in MBC and in Wil vessels Ins(l,4,5)P3-R density nor the NE-induced maximal
there was no significant change in Ins(l,4,5)P3-R den- response (%K+ maximum) changed with development,
sity with development. In addition, the present study Thus, in these vessels, the two variables correlated
demonstrates that high-altitude, long-term hypoxia well. Nonetheless, the idea that in cerebral arteries
was associated with a significant decrease in different components of the ar AR-mediated excitation-
Ins(l,4,5)P3-R density in the fetal and adult Com and contraction pathway are independently regulated is
MBC, as well as in the aorta. supported because the Ins(l,4,5)P3-R densities did not
0.11 andP 0.93.
Ins(1,4,5)P3~R and development. The responsiveness correlate tightly with NE-induced contractile responses
of cerebrovascular smooth muscle to NE and other in all vessels (9). For Com of normoxic fetus, newborn,
agonists changes significantly as a function of develop- and adult, r = 0.98 and P = 0.12, and for MBC r 
ment (9, 13). However, the mechanisms that underlie
these age-dependent changes remain to be identified. As we have previously noted, not only can coupling
In part, such maturational changes can be accounted efficiency of a r AR to its second messenger change as a
for by changes in ai-AR density and NE-induced function of developmental age and/or vessel order, but
Ins(l,4,5)P3 release (9). Nonetheless, changes in tissue sensitivity to Ins(l,4,5)P3 itself also may vary.
Ins(l,4,5)P3-R density and/or affinity may also play a The lack 0f strong correlation of Ins( 1,4,5)P;rR density
role in these contractility changes. with NE-induced contraction or Ins(l,4,5)P3 increase
In the present studies in the adult, Ins(l,4,5)P3-R for either Com or MBC suggests that variations in 
density was fourfold greater in the Com and almost agonist potency may be due to variations in other
twofold greater in aorta compared with fetus. In con- factors in these two vessel groups. For instance, despite 
trast, m the MBC Ins( 1,4,5)P3-R density did not change robust contraction to NE, fetal and newborn Com
significantly with developmental age. In Wil, 
Ins(l,4,5)P3-R density values were significantly less 
than in the other vessels and decreased from newborn
showed essentially no NE-induced Ins(l,4,5)P3 re­
sponse (9), suggesting that, in this vessel, Ca2+~ 
mediated contraction occurs by non-Ins(l,4,5)P3 cal-
t°  these spiking changes in cj u m  release mechanisms, e.g., receptor-operated or
InsU 4,5)P3-R density receptor affinity <hd not vary valtage.gated calcium channels, and/or other mecha-
significantly as a function of vessel size, developmen­
tal age, or hypoxia. Our values of Ins( 1,4,5 )P3-R affinity 
are comparable to those reported for smooth muscle 
of bovine aorta (2, 10), rabbit trachea (14), and dog 
colon (17).
We are unaware of other developmental studies of 
Ins(l,4,5)P3-R in vascular smooth muscle. Nonetheless,
msms.
Long-term hypoxia and the Ins(l,4,5)Ps-R. In previ­
ous studies we have reported that, in both adult and 
fetal sheep, high-altitude, long-term hypoxia is associ­
ated with a significant decrease in ai-AR density and 
NE-stimulated Ins(l,4,5)P3 responses in the Com (adult
sever’al’investigators have examined In s(l,4,5)P3-R den- ^  f * d MBC (15). In companion studies in uterine
sity and affinity as a function of development in brain. of the P*|gn£mt ewe,, aoclim;atx:nation to
For instance, in dog cerebellum, both Ins(l,4,5)P3-binding high altitude was associated wi h a 32 38 /a deci ease m
and Ins(l,4,5)P3-induced Ca2+ release increased as a ^1-J^  density m the main uterine artery and its
function of age from the newborn to adult. This increase fourth-order branch, as well as a significant decrease m
in Ins(l,4,5)P3-R density paralleled both the growth of sensitivity of both vessels to NE (i.e., higher half-
Purkinje neurons and synaptogenesis (16). In cat visual maximal effective concentration) (4). In other related
cortex, Ins(l,4,5)P3 binding also increased from the day studies, long-term hypoxemia was associated with sig-
of birth to adulthood (5). In rabbit tracheal smooth nificantly decreased potassmm-mduced tension m both
muscle, Ins(l,4,5)P3-R density and affinity were similar fetus and adult Com and cerebral arteries and, in the
fetus, depressed potassium-induced stress and aminein immature and adult animals (14).
Correlation of Ins(1,4,5)P:rR density with contractil- (serotonin plus histamine)-induced tensions In
ity. The relation between a given agonist concentration addition, Pearce (12) has reported that long-term hypox­
emia is associated with depressed norepinephrine sen-
A i  «Ar .kl*and its smooth muscle contractile response involves 
multiple factors, all of which are potentially subject to 
physiological regulation, e.g., plasma membrane recep­
tor, the second messenger response, intracellular Ca2+ 
release, and so forth. We have previously reported that,
sitivity of adult Com and cerebral arteries, as well as in 
fetal middle cerebral artery. The present studies demon­
strate significant (30-80%) decreases in Ins(l,4,5)P;rR
density in adult Com and MBC and
in regard to noradrenergic-mediated cerebral vascular arteries in response to long-term hypoxia
cerebral
3).
contraction, both the ar AR density and Ins(l,4,5)P3 These decreases correlate well with similar decreased
response vary significantly as a function of developmen- NE-induced tone in these vessels (12). The hypoxic-
tal age (9). mediated downregulation of Ins(l,4,5)P<rR density in
In the present study, in both newborn and adult Com and MBC (and aorta) suggests a role in
sheep, the Ins(l,4,5)P3-R density values of Com were maintenance of normal cerebral blood flow or blood
considerably higher than in MBC and other vessels, pressure during long-term hypoxia. These decreases in
This is compatible with the finding that the Com Ins(l,4,5)P3-R density could act to avoid excessive
showed greater NE-induced contraction (%K+ maxi- intracellular calcium concentrations in response to
mum) than MBC vessels (9). Also, in MBC neither Ins(l,4,5)P3 or may reflect the combination of impaired
R1958 INSCI,4,5)P3-RECEPT0RS IN CEREBRAL VESSELS
receptor synthesis and relatively rapid receptor turn- tions in Ins(l,4,5)Ps-R density. Despite the fetus being 
over. somewhat “buffered” from the rather marked decrease
Perspectives
The cerebral circulation is richly innervated, and its
in maternal arterial 0 2 values, fetal Com and MBC also 
demonstrated significant decreases in Ins(l,4,5)P3-R 
density in response to long-term hypoxemia. These
vascular contractility is mediated by adrenergic, sero- findings may, in part, account for significant hypoxic-
tonergic, and other mechanisms. The signal transduc- induced differences in NE-induced contractility in these
tion cascades of several of these systems utilize the vessels. These and other variations in downstream
second messenger Ins(l,4,5)P3 and its receptor to effect signal transduction mechanisms may play a key role in
Ca2+ release and vascular contraction. In the adult dysregulation of cerebral blood flow in the adult sub-
(and newborn), the relatively high Ins(l,4,5)P3-R den- jected to high-altitude, long-term hypoxemia as well as
sity in Com as compared with MBC correlates with in the fetus or newborn that experiences prolonged
their NE-induced contractility, suggesting the fune- hypoxemia.
tional importance of Ins(l,4,5)P3 in these vessels.
In the adult, high-altitude, long-term hypoxia has
served as a useful model of how the body’s physiological l d L0ng0.
This work was supported in part by National Institute of Child 
Health and Human Development Grants HD-03807 and HD-31226 to
mechanisms acclimatize over a period of days or weeks Address for reprint requests: L. D. Longo, Center for Perinatal
or genetically adapt over the course of generations. Biology, Loma Linda Univ. School of Medicine, Loma Linda, CA
Because under normoxic control conditions mean intra- 92350.
cellular 0 2 tension values are relatively low (3-5 Torr), Received 18 October 1996; accepted in final form 22 January 1997.
it may be surprising to discover that such a moderate
elevation as employed in the present studies (3,820 m) REFERENCES
was associated with cellular hypoxia (or other stimu­
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